INTRODUCTION
Gene expression from integrated HIV-1 provirus involves transcription, pre-mRNA splicing, nuclear export, and translation, and is regulated by the myriads of interactions between viral elements and cellular proteins. The basal transcription is initiated by interactions of cellular transcriptional factors with the specific DNA sequences within the HIV-1 long terminal repeat (LTR) (Garcia et al., 1987) . HIV-1 Tat interacts with the TAR RNA and the CDK9/Cyclin T complex and transactivates the basal level of transcription to synthesize full-length HIV-1 pre-mRNA transcripts (Wei et al., 1998) . Some transcripts undergo alternative pre-mRNA splicing to generate a variety of smaller RNA species, whereas others remain unspliced (Stoltzfus and Madsen, 2006) . The pre-mRNA splicing is regulated by cis-acting elements within the viral RNA and their interaction with cellular proteins such as those in the hnRNP A/B family and SR family (Stoltzfus and Madsen, 2006) . Completely spliced RNA that encodes HIV-1 Tat, Rev, and Nef is exported into the cytoplasm via the constitutive mRNA export pathway. In turn, HIV-1 Rev and its interaction with cellular proteins such as CRM-1 facilitate nuclear export of unspliced and partially spliced HIV RNA into the cytoplasm (Fischer et al., 1995) , where they serve as genomic RNA for progeny viruses or as mRNA for expression of all other HIV-1 proteins. A great deal of effort has been directed to understand HIV-1 transcription, pre-mRNA splicing, and nuclear export and their control (Yilmaz et al., 2006) . In contrast, little is known about the translational control of HIV-1 RNA in the cytoplasm.
Unlike Tat and Rev, Nef does not directly participate in regulation of HIV-1 gene transcription, although they are all translated from completely spliced HIV-1 RNA. Nef is equally, if not more, important for HIV pathogenesis and AIDS disease progression. The nef gene is relatively conserved in all primate lentiviruses HIV-1, HIV-2, and SIV, and its open reading frame (ORF) is partially overlapped with HIV-1 3 0 LTR (Trono, 1995) . Infection of HIV-1 strains defective in the nef gene is linked to delayed disease progression (Deacon et al., 1995) . An intact nef gene is required for development of the pathology in SIV-infected rhesus macaques (Kestler et al., 1991) . The roles of Nef in HIV/AIDS pathogenesis have been attributed to its ability to downregulate several immunologically important cell-surface molecules such as CD4 (Garcia and Miller, 1991) , MHC I molecules (Schwartz et al., 1996) , and CD3 (Schindler et al., 2006) and to activate intracellular signaling pathways (Arora et al., 2000) . Anti-HIV therapeutics has so far mainly been targeted at virally encoded enzymes including reverse transcriptase and protease (Piacenti, 2006) . It is highly conceivable that intervention in Nef expression likely offers new strategies to complement current anti-HIV therapy for better treatment outcomes.
A number of host cellular proteins are involved in HIV-1 infection, replication, and pathogenesis. Among them is Src-associated protein in mitosis of 68 kDa (Sam68). Sam68 belongs to the protein family of the signal transduction and activation of RNA (STAR) (Lukong and Richard, 2003) . It was first demonstrated to be capable of substituting for and synergizing with HIV-1 Rev function (Reddy et al., 1999) . Sam68 has been shown to be responsible for the Rev functional defect in astrocytes (Li et al., 2002b) . A consensus has begun to emerge that Sam68 is an indispensable cellular factor for HIV-1 Rev nuclear export function and HIV replication (Li et al., 2002a (Li et al., , 2002b Modem et al., 2005) . Sam68 cytoplasmic mutant D410 lacking a nuclear localization signal (NLS) inhibits HIV-1 replication in a dominant-negative fashion (Reddy et al., 1999; Soros et al., 2001; Zhang et al., 2005) . Interestingly, this mutant and other NLS deletion mutants do not prevent constitutive Sam68 from entering the nucleus (Zhang et al., 2005) . These findings suggest that Sam68 may serve additional functions in the cytoplasmic processes of the HIV-1 life cycle. In this study, we demonstrate that NLS-deleted Sam68 mutants induce stress granule (SG) formation and specifically interact with nef mRNA and, as a result, lead to sequestration of nef mRNA in these granules and eventual suppression of Nef expression.
RESULTS

Suppression of HIV-1 Nef Expression by Sam68 Mutant D410
To determine the possible function of Sam68 in cytoplasmic processes of HIV replication, we took advantage of two luciferase reporter viruses: NL4-3.Luc(env), in which the firefly luciferase (Luc) reporter gene was inserted in-frame into the env gene, and NL4-3.Luc(nef), in which the Luc gene was inserted in-frame into the nef gene (see Figure S1 available online). Both insertions were designed to disrupt env and nef gene expression. Thus, Luc expression in these two reporter viruses represents Rev-dependent Env expression and Rev-independent Nef expression, respectively. We transfected 293T cells with NL4-3.Luc(env) or NL4-3.Luc(nef) with Sam68 or D410 and determined HIV-1 production in the culture supernatants and Luc expression in the cells. In agreement with published findings (Reddy et al., 1999; Zhang et al., 2005) , D410 completely abrogated HIV-1 production in both NL4-3.Luc(env)-and NL4-3.Luc(nef)-transfected cells, whereas Sam68 had little effect ( Figures 1A and 1B) . In addition, D410 significantly inhibited Luc expression in NL4-3.Luc(env)-transfected cells (Figure 1C) , as it inhibits Rev-mediated nuclear export of HIV-1 intron-containing singly spliced env RNAs (Reddy et al., 1999; Soros et al., 2001; Zhang et al., 2005) . To our surprise, D410 also inhibited Luc activity in NL4-3.Luc(nef)-transfected cells by about 70% (Figure 1D ), even though the Luc in NL4-3. Luc(nef) is expressed from completely spliced HIV-1 RNA and is Rev independent.
To ascertain that this observation was not an artifact resulting from the use of these Luc reporter viruses, we transfected 293T cells with NL4-3 and Sam68 or D410 and determined Nef expression by western blot analysis. Similarly, D410 expression led to a decrease in Nef expression by 80%, whereas Sam68 expression did not decrease Nef expression ( Figure 1E ). To determine whether this only happened to NL4-3 Nef, we performed similar experiments with seven additional HIV-1 isolates, some of which were primary HIV isolates. D410 expression exhibited similar suppression of Nef expression from JRCSF, YU-2, and SG-3.1 ( Figure 1F ). The anti-Nef serum that was used in these experiments was not able to recognize LAI.2 Nef ( Figure 1F ), nor Nef proteins from HIV isolates p90CF402.1.8, p94UG114.1.6, and pMJ4 (data not shown). These results show that D410 suppresses Rev-independent Nef expression from completely spliced HIV-1 RNA.
Requirement of the Sam68 Domain between aa 269 and 321 for Nef Suppression Structurally, Sam68 contains the heteronuclear ribonucleoprotein particle K homology (KH) domain, an RG-rich region, six proline-rich domains (P 0 -P 5 ), a tyrosine-rich domain, and an NLS ( Figure S2 ). Our early studies have shown that a domain located between aa 269 and aa 321 of Sam68 is directly involved in D410-induced inhibition of HIV-1 replication (Zhang et al., 2005) . To determine the roles of this domain in D410-induced Nef suppression, we cotransfected 293T cells with NL4-3 and a panel of GFP-tagged Sam68 and its mutants ( Figure S2 ) and determined Nef expression. Similarly to D410, D321 which was deleted of P 4 , P 5 , and NLS also suppressed Nef expression, whereas D269 containing an additional deletion of P 3 and the RG-rich region had no effect on Nef expression (Figure 2A) . Moreover, D269-321 that contains the NLS did not affect Nef expression, nor did the aa 269-321 domain alone. Similar results on Nef expression and subcellular localization were obtained with a panel of HA-tagged Sam68 and mutants (data not shown). These results suggest that both cytoplasmic localization and the aa 269-321 domain that contains the P 3 /RG-rich region are required for Nef suppression.
We then attempted to determine the mechanisms of this domain-mediated Nef suppression. We began by careful examination of the intracellular localization of these mutants using the same panel of GFP fusion constructs. As expected, full-length Sam68 that contains the intact NLS was detected in the nucleus, and D410, D321, and D269 that all lack the NLS were localized in the cytoplasm ( Figure 2B ). Moreover, D269-321 was expressed in the nucleus, whereas the aa 269-321 domain was detected throughout the cells. Of note was that D410 and D321 appeared in a unique granule-like structure in the cytoplasm, whereas a similar mutant, D269, showed an even cytoplasmic distribution, a typical pattern of cytoplasmic proteins. The apparent association between formation of the granule-like structure and Nef suppression prompted us to quantitate the percentage of the granule-like structure-containing cells in each transfection. More than 85.67% ± 2.49% of D410-transfected cells exhibited this unique structure, whereas the structure was detected in 54.33% ± 3.30% of D321-transfected cells ( Figure 2C ). Both were significantly higher than GFP alone (9.67% ± 2.05%), Sam68 (18.33% ± 2.36%), D269 (24.67% ± 4.50%), D269-321 (7.00% ± 1.63%), and 269-321 (4.67% ± 1.70%). There were (B and C) COS-7 cells were transfected with each of the GFP-tagged plasmids in triplicate. Cells were stained in 100 ng/ml DAPI for nuclei. The images are representative of each GFP fusion protein (B). A random ten fields were counted for the total number of transfected cells and the cells exhibiting granule-like structures, and expressed as the percentage of granule-containing cells (C). The data are mean ± SEM. **p < 0.01. no significant differences among GFP alone, Sam68, D269, D269-321, and 269-321. These results reveal a link between Nef suppression and formation of the granule-like structure.
D410 Localization into Stress Granules
Stress granules are one of the mechanisms to regulate gene expression at the translational level in response to a variety of external stimuli (Anderson and Kedersha, 2002) . Our findings that D410 expression resulted in Nef suppression and formation of a granule-like structure prompted us to determine whether D410 expression directly induced stress granules. We transfected COS-7 cells with HA-tagged D410 and GFP-tagged SG markers GFP-G3BP, GFP-TIA-1, or GFP-hnRNP A1. G3BP and TIA-1 induce SG assembly when overexpressed in the absence of external stress stimuli (Anderson and Kedersha, 2008) , whereas hnRNP A1 is localized into the SG only under stress conditions (Guil et al., 2006) . Thus, we then briefly exposed the transfected cells to sodium arsenite (ARS), a widely used oxidative stressor. We then performed immunofluorescence staining for D410 localization using an anti-HA epitope antibody. As expected, G3BP and TIA-1 were localized in the SG regardless of ARS treatment ( Figures 3A and 3B ), whereas hnRNP A1 was expressed in the nucleus of cells in the absence of ARS treatment and was relocalized into the SG when the cells were exposed to ARS ( Figure 3C ). In contrast, D410 was found to be localized in the granule-like structure in all these three cotransfections, and ARS treatment did not affect this localization. Moreover, colocalization analysis revealed that D410 was colocalized with G3BP and TIA-1 in both ARS-treated and untreated cells and only with hnRNP A1 in ARS-treated cells, confirming that the granule-like structure induced by D410 expression is SG. To exclude the possibility that D410-induced SG formation results from overexpression of these SG markers, we transfected 293T cells with GFP.D410 and performed immunofluorescence staining for endogenous TIA-1 using an anti-human TIA-1 antibody. Similarly, D410 was colocalized with endogenous TIA-1 in the SG, even though a majority of the TIA-1 protein was detected in the nucleus ( Figure 3D ). Localization of D410 in stress granules was further confirmed using another endogenous SG marker, eIF3h ( Figure 3E ). In addition, we also transfected cells with GFP.D410 and treated these cells with cyclohexamide (CHX), which is shown to dissolve SG. Similarly to GFP.TIA-1-and GFP.G3BP-expressing cells, CHX treatment led to SG disappearance in D410-induced granules ( Figure 3F ). Furthermore, we determined whether D410 was also localized in the processing bodies (P bodies), as the P bodies share and exchange many structural components with SG and regulate protein translation and/or mRNA degradation in the cytoplasm (Kedersha et al., (A-C) COS-7 cells were transfected with HA-tagged D410 and GFP.G3BP (A), GFP.TIA-1 (B), or GFP.hnRNP A1 (C). Prior to fixation, the cells were treated with or without 0.5 mM sodium arsenite (ARS) for 1 hr. The cells were then stained with an anti-HA antibody followed by a phycoerythrin (PE) -conjugated secondary antibody. (D and E) 293T cells were transfected with GFP.D410 only and treated with ARS as described above. The cells were then stained using an anti-TIA-1 antibody (D) or an anti-eIF3h antibody (E) and PE-conjugated secondary antibody. (F) 293T cells were transfected with GFP.D410, GFP.TIA-1, or GFP.G3BP and treated with ARS as above, or with 100 mg/ml cyclohexamide (CHX) for 90 min. (G) COS-7 cells were transfected with HA-tagged D410 and GFP.hdcp-1a. (H) 293T cells were transfected with RFP.Sam68 or GFP.PABP and treated with ARS as above. In all transfections, cells were stained in DAPI for nuclei and the images are representative of each transfection. The colocalization composite is shown as ''merge. '' 2005). We transfected COS-7 cells with GFP-tagged P body marker hdcp-1a (Fenger-Gron et al., 2005) and HA-tagged D410 and performed similar immunofluorescence staining for D410. We also treated cells with ARS as a control, as ARS is known to increase the size and number of P bodies. There was no colocalization between hdcp-1a and D410 in both ARStreated and untreated cells ( Figure 3G ). Lastly, we determined the effects of oxidative stress on intracellular localization of the wild-type Sam68 protein that is predominantly localized in the nucleus. We transfected cells with RFP.Sam68 and treated the cells with ARS. We also included GFP-tagged poly(A)-binding protein (PABP) as an SG marker in these experiments. ARS treatment changed Sam68 from nuclear localization to both nuclear and cytoplasmic SG-like localization, whereas PABP formed SG in the cytoplasm under ARS treatment ( Figure 3H ). Taken together, these results demonstrate that D410 expression induces SG formation and suggest that SG formation likely contributes to D410-mediated Nef suppression.
Specificity of D410-Induced Nef Suppression
We then wished to determine the underlying mechanisms of D410-induced HIV-1 Nef suppression. Sam68 regulates CD44 expression through its effects on pre-mRNA alternative splicing (Cheng and Sharp, 2006) . HIV-1 gene expression involves complex alternate splicing of HIV-1 RNA. Meanwhile, STAR family proteins and KH domain-containing proteins are known to regulate mRNA stability (Gherzi et al., 2004; Jan et al., 1999; Larocque et al., 2005; Schumacher et al., 2005) . Thus, we first compared HIV-1 RNA splicing, stability, and translation of a reporter gene containing only the 289 nt leader sequence shared by all HIV-1 transcripts, and found that D410 suppression of Nef expression was not through inhibition of HIV-1 RNA splicing to completely spliced RNAs or through changes in the stability and translation of HIV-1 LTRderived RNA (Figures S3A and S3B) . We also utilized the siRNA strategy to knock down Sam68 and determined the relationship between Sam68 and Nef expression. We showed that D410-mediated Nef suppression was not likely a loss of function of this mutant in the cytoplasm ( Figure S4 ). We then switched to understand the molecular mechanisms of D410-induced HIV-1 Nef suppression by focusing on the specificity of this suppression. To address the specificity issue, we constructed tat, rev, and nef minigenes ( Figure 4A ; Figure S5 ) and compared D410 effects on their expression. We transfected each of these minigenes with Sam68 or its mutants and determined the minigene expression using western blot analysis. In agreement with our earlier findings (Figure 2A ), both D410 and D321 suppressed Nef expression ( Figure 4B ). However, D410 and D321 had little effect on Tat and Rev expression. As the primary sequences of tat, rev, and nef mRNAs extensively overlap, we then turned our attention to the 5 0 and 3 0 untranslated regions (5 0 UTR and 3 0 UTR) of these mRNAs. When we performed the secondary structure analysis of these mRNAs using the RNAfold program (Hofacker, 2003) , we found that both 5 0 UTR and 3 0 UTR regions of these mRNAs significantly differed from each other in their secondary structure and length ( Figure 4A ). Of particular note is part of the 5 0 UTR of nef mRNA that is absent in tat and rev mRNAs (marked in red, Figure 4A ). Thus, we deleted this unique 5 0 UTR region from the nef minigene ( Figure 4C ). Meanwhile, we also constructed a nef minigene mutant that was deleted of the entire 3 0 UTR of nef mRNA, which is also significantly different from those of tat and rev mRNAs ( Figures 4A  and 4C ). We then compared Nef expression from these nef minigene deletion mutants using similar cotransfection and western blot analysis approaches. The 5 0 UTR deletion showed little effect on D410-and D321-induced Nef suppression, whereas the 3 0 UTR deletion completely abolished Nef suppression by these two Sam68 mutants ( Figure 4D ). Further corroborating these findings was that D410 and D321 did not suppress Nef expression from an expressing cassette that only contains the nef ORF ( Figure 4D ). These results show that the 3 0 UTR of nef mRNA is the molecular determinant for the specificity of D410-and D321-induced Nef suppression.
D410
Interaction with the nef mRNA 3 0 UTR The above results from the minigene experiments (Figure 4 ) prompted us to further determine whether D410 bound to the nef mRNA 3 0 UTR and whether the binding was correlated with its suppressive effects. We took advantage of an RNA-protein interaction-based yeast three-hybrid reporter gene assay (SenGupta et al., 1996) which allows in vivo detection of RNA-protein binding. This assay system consists of three components: one hybrid protein of bacteriophage MS2 coat protein fused to LexA DNA-binding domain, the other hybrid protein containing the protein to be tested fused to the Gal4 DNA-activation domain, and one hybrid RNA that has the RNA target for the MS2 coat protein as well as the RNA to be tested. When these three components are introduced into and expressed in the appropriate yeast strain, direct binding of the test protein and the test RNA will activate LacZ reporter gene expression in yeast. We constructed a D410 fusion expression plasmid and the MS2 RNA-nef mRNA 3 0 UTR hybrid RNA plasmid (MS2-nef 3 0 UTR). We also constructed an MS2-nef 3 0 RTU (untranslated region in a reverse orientation) hybrid RNA plasmid in which the nef mRNA 3 0 UTR is in a reverse orientation and used it as a cognate control. In addition, we also constructed a fusion expression plasmid of D269 which only slightly induced slight SG formation and did not suppress Nef expression. We then transfected respective plasmids into yeast strain L40 and determined b-gal activity of the transformants. We also included iron regulatory protein (IRP) and its iron responsive element (IRE) RNA-binding target as positive controls in these experiments. As expected, cotransfection of the IRP fusion plasmid with MS2-IRE hybrid RNA activated LacZ gene expression and b-gal activity (Table 1) . Cotransfection of the D410 fusion plasmid and MS2-nef 3 0 UTR RNA plasmid activated LacZ gene expression and b-gal activity, albeit to a much less extent. Importantly, there was no detectable b-gal activity in the cotransfection of D410 fusion plasmid and MS2-nef 3 0 RTU and in all other cotransfections expressing the D269 fusion plasmid. Taken together, these studies show that D410 suppresses Nef expression through its specific binding to the 3 0 UTR of nef mRNA and suggest that D410-induced Nef suppression likely results from nef mRNA localization and sequestration into stress granules through binding to D410 and subsequently being unavailable for protein translation.
Localization of HIV-1 nef RNA Transcripts in D410-Induced Stress Granules Overexpression of several RNA-binding proteins (RBP) induces SG formation, including G3BP, TIA-1, TTP, Caprin-1, FAST, FRMP, LINE-1 ORF, and smaug (Anderson and Kedersha, 2008) . Thus, it is very important to further ascertain whether expression of these SG-inducing proteins also leads to Nef suppression. We tested two well-characterized SG-inducing proteins that are also often used as SG markers, TIA-1 and G3BP. We transfected 293T cells with NL4-3 and GFP-TIA-1 or GFP-G3BP and determined Nef expression by western blot analysis. As expected, overexpression of TIA-1 and G3BP induced SG formation ( Figure S6A ). But, compared to the GFP control, expression of either TIA-1 or G3BP did not alter Nef expression ( Figure S6B ). These results show that not every SG formation results in Nef suppression, and provide additional evidence to support the specificity of D410 toward to Nef.
Translational suppression often occurs as a result of SG formation and selective targeting of mRNA (Kawai et al., 2006) . Based on the findings (Figure 4 ; Table 1), we next determined whether this was indeed the case for D410-mediated Nef suppression. We examined the intracellular distribution of HIV-1 nef RNA transcripts in D410-expressing cells. We transfected 293T cells with HIV-1 NL4-3, GFP.D410, or both. NL4-3 was used as the source for nef mRNA transcripts. We performed fluorescence in situ hybridization using a nef-specific Cy-5-labeled oligonucleotide probe. This probe was designed to ensure a maximal specificity and accessibility to nef mRNA transcripts using an algorithm-based program for mRNA secondary structure (Hofacker, 2003) . As expected, nef-Cy5 was exclusively detected throughout the cytoplasm of cells that were only transfected with NL4-3, and only a background level of hybridization signals was detected in GFP.D410-transfected cells ( Figure 5 ). Coexpression of NL4-3 and GFP.D410 led to marked changes in nef-Cy5 localization to a more distinct cytoplasmic pattern and its colocalization with D410. These results validate the notion that D410-mediated Nef suppression results from D410-induced SG formation and nef mRNA targeting and sequestration in SG.
D410 Localization to SG and Inhibition of Nef Expression and MHC I Downregulation in HIV-Infected T Lymphocytes
CD4
+ T lymphocytes are natural target cells for HIV-1 infection. Thus, we next determined whether D410 expression induced SG formation in Jurkats, commonly used CD4 + human T lymphocytes for HIV infection. We transfected Jurkats with RFP-tagged D410 in combination with GFP-tagged SG markers such as GFP-G3BP or GFP-TIA-1. We then performed fluorescence microscopic imaging for RFP-and GFP-tagged proteins. In agreement with our previous findings (Figure 3 ), G3BP and TIA-1 colocalized with D410 in cytoplasmic SG in the absence of ARS treatment (merge and inset, Figure 6A ). Similar results were obtained in cells treated with ARS (data not shown). We next determined effects of D410 expression on Nef expression in HIV-infected cells. To distinguish D410 effects on HIV-1 replication from those on Nef expression, we performed a single-round infection assay that had previously been established to detect Nef expression in HIV-infected cells (Wei et al., 2005) . We transfected Jurkats with either GFP or GFP.D410 and incubated the cells for 24 hr, at which time point the transfection efficiency was estimated to be about 70% with the cell viability over 85%, and no differences were noted between these GFP and GFP.D410 transfections ( Figure S7 ). We then infected the transfected cells with replication-defective VSV-G pseudotyped NL4-3.Luc(env) virus and determined Nef expression by western blot analysis 48 hr postinfection. As shown in 293T cells (Figures 1 and 2 ), D410 expression led to a decrease in Nef expression by about 40% in Jurkats ( Figure 6B ). Meanwhile, we also performed cellsurface staining and flow cytometry analysis for MHC I expression. D410 expression in HIV-infected cells showed a significant reduction in MHC I downregulation, when compared to cells expressing GFP only ( Figure 6C ). Similar results were also obtained with CD4 expression (data not shown).
To extend the physiological significance from the established CD4 + Jurkats to primary CD4 + lymphocytes, we performed similar experiments in human peripheral blood mononuclear cells (PBMC). The transfection efficiency was estimated to be about 55%, while the cell viability was about 70%. Compared to the GFP control, GFP.D410 suppressed Nef suppression by about 70% in these primary cells ( Figure 6D ). The difference in D410-induced Nef suppression between Jurkats and human PBMC is likely due to the different susceptibility of these two cells to HIV infection. Furthermore, we also determined whether D410 had any deleterious effects on cells. We expressed D410 in a stable fashion and analyzed cell survival and the cell cycle using propidium iodide staining and flow cytometry. There was little cell death in D410-expressing cells ( Figure S8 ). Despite a modest accumulation of cells at G 2 phase in D410-expressing cells, the ratio of G 0 G 1 to G 2 +S was very similar between D410 cells and the control cells, 1.71 and 1.75, respectively ( Figure S8 ). Similar results were obtained in transiently transfected cells (data not shown). These results further validate our findings that D410 suppresses HIV-1 Nef expression through SG formation and support possible translation of these findings into anti-HIV therapeutic development.
DISCUSSION
Using a pair of NL4-3-based luciferase reporter viruses, we demonstrated that expression of an NLS-deleted D410 mutant led to a significant decrease in Luc gene expression in place of HIV-1 nef gene ( Figure 1D ) and HIV-1 Nef expression ( Figures  1E and 1F) . Removal of the domain between aa 269 and 321 abrogated the suppressive effect ( Figure 2A ) and formation of a granule-like structure in the cytoplasm ( Figures 2B and 2C ). The granule-like structure induced by this mutant was verified to be a stress granule (Figure 3) . A unique minigene assay demonstrated that D410-induced suppression was specific to HIV-1 Nef through a uniquely structured 3 0 UTR of nef mRNA (Figure 4 ). This was further corroborated by the finding that D410 bound to the nef mRNA 3 0 UTR in vivo in a direct manner (Table 1) . Moreover, HIV-1 nef mRNA transcripts were colocalized with D410-induced SG ( Figure 5 ). Importantly, SG induction and Nef suppression by D410 also occurred in the context of HIV-1 infection of CD4 + T lymphocytes ( Figure 6 ). Thus, we concluded that D410 suppressed HIV-1 Nef expression through induction of SG formation and sequestration of HIV-1 nef mRNA transcripts from being translated to Nef protein.
Sam68 possesses a nonconventional NLS at its C terminus, and deletion of this NLS results in Sam68 cytoplasmic localization (Ishidate et al., 1997) . Sam68 is absolutely required for HIV-1 gene expression, replication, and Rev-dependent gene expression (Li et al., 2002a (Li et al., , 2002b Modem et al., 2005) . Therefore, it is not surprising that inhibition of HIV-1 replication by NLSdeleted Sam68 cytoplasmic mutant D410 has been shown to be in a dominant-negative fashion, resulting in the retention of the wild-type Sam68 in the cytoplasm and preventing it from functioning in Rev-mediated nuclear export of HIV RNAs (Reddy et al., 1999; Zhang et al., 2005) . Moreover, D410 is also shown to sequester incompletely spliced HIV-1 RNAs from the translation machinery in perinuclear bundles (Soros et al., 2001) . Furthermore, wild-type Sam68 is found to be capable of localizing into the nucleus when it is coexpressed with NLS-deleted mutants (Zhang et al., 2005) . The current study demonstrates that D410 suppresses HIV-1 Nef translation. Taken together, these studies suggest that D410 negatively regulates HIV replication at two distinct steps of the virus life cycle: Rev-mediated nuclear export of incompletely spliced HIV-1 RNA and translation of HIV-1 nef mRNA in the cytoplasm.
SG is one type of RNA granule and is formed in response to a variety of external stimuli including overexpression of multiple RBP, and has recently been recognized as an effective way to regulate gene expression by storing translationally arrested mRNAs (Anderson and Kedersha, 2008; Kawai et al., 2006) . Sam68 has recently been shown to be in RNA granules in hippocampal neurons and during early embryogenesis (Grange et al., 2009; Paronetto et al., 2008) . In addition, indirect evidence indicates Sam68 localization in cytoplasmic granules during stressful conditions such as that in poliovirus infection and ischemia (Daoud et al., 2002; DeGracia et al., 2007; Mazroui et al., 2006; McBride et al., 1996) . Interestingly, hnRNP A1 and FAST, two previously characterized SG components, have recently been shown to directly interact with Sam68 (Paronetto et al., 2007; Simarro et al., 2007) , suggesting that Sam68 could be recruited into SG under stress conditions through binding to other SG components. Our results show that overexpression of D410 and D321 mutants was capable of inducing SG assembly (Figures 2 and 3) , whereas Sam68 was relocalized to SG upon oxidative stress ( Figure 3H and data not shown). Our results also show that the RG/P 3 -rich region (aa 269-321) was required for SG formation ( Figures 2B and 2C) . Interestingly, RG-rich regions have been shown to be essential for SG assembly/recruitment of different RBP (Tourriere et al., 2003) . Therefore, the fact that deletion of NLS from Sam68 such as the D410 and D321mutants gives rise to spontaneous SG induction in the cytoplasm even in the absence of any other stresses strongly supports the notion that Sam68 possesses the inherent ability to induce stress granules. Nevertheless, the exact molecular mechanisms whereby Sam68 is recruited to SG or its mutants induce SG remain to be elucidated.
In general, newly transcribed and spliced mRNA is translationally repressed to prevent ectopic expression while en route to the cytoplasm from the nucleus (Kwon et al., 1999) . Viral mRNA including HIV RNA that is transcribed in the nucleus and then exported into the cytoplasm should be no exception. The movement of the viral mRNA in the cytoplasm involves interaction with multiple host proteins, which often give rise to RNA granules (Cochrane et al., 2006; Mouland et al., 2001) . RNA granules including SG all contain translationally repressed mRNA and various RBP (Anderson and Kedersha, 2006) . RNA targeting into these granules is understandably determined by the specificity of RNA-protein interaction, and RNA secondary structure is considered to be more important than its primary sequence in determining the specificity of this interaction. The sequences of tat, rev, and nef mRNA share significant homology. However, the length and secondary structure of their 5 0 UTR and 3 0 UTR considerably differ from each other ( Figure 4A ), which predisposes them to different mRNA scanning mechanisms or offer differential specificity to translational silencer proteins or miRNA. Using a designed minigene strategy, we unequivocally showed that D410 only suppressed Nef, not Tat or Rev, expression ( Figures 4A and 4B) , and that the 3 0 UTR of nef mRNA was directly involved (Figures 4C and 4D ) through specific binding (Table 1) . Further corroborating these findings was that HIV-1 nef mRNA transcripts were detected in these induced SG ( Figure 5 ). These results provide evidence to show that completely spliced HIV-1 RNA transcripts are subjected to translational regulation as a result of their unique UTR secondary structure. (D) Human PBMC was cultured in the presence of PHA (3 mg/ml) and IL-2 (50 units/ml) for 4 days, transfected with GFP or GFP.D410 expression plasmid, infected with VSV-G pseudotyped NL4-3.Luc(env) viruses for 6 hr, and harvested for western blot analysis. Asterisk indicates degraded GFP.D410. All data are representative of three independent experiments.
Nef expression in lymphoid and monocytic cells controls two key aspects of HIV-1 infection and AIDS pathogenesis: evasion of the humoral and cellular immune response, and sustained hyperactivation of the immune system (Schindler et al., 2006) . Although clinically successful antiretroviral therapy can reduce viral replication to undetectable levels in plasma, Nef is continuously being expressed in latently infected PBMC (Fischer et al., 2004) . These findings qualify Nef as an ideal target for development of antiretroviral therapeutics. We showed that D410 also induced SG formation in CD4 + T lymphocytes ( Figure 6A ) and suppressed Nef expression in these cells ( Figure 6B ) and in human PBMC ( Figure 6D ). In parallel, D410 expression considerably restored surface expression of CD4 and MHC I in HIV-1-infected cells ( Figure 6C ). These results show that Nef suppression by D410 occurs in the natural target cells for HIV-1. Meanwhile, D410 expression did not show any apparent adverse effects on host cells ( Figure S8 ). Therefore, it is conceivable that targeting D410 or D410-based therapeutics to HIV-1-infected cells could provide additional protection against HIV/AIDS through suppression of Nef expression and function.
EXPERIMENTAL PROCEDURES
Plasmids, Cell Culture, Transfections, and Antibodies Details on all plasmids are provided in the Supplemental Data. 293T, Jurkats, and COS-7 cells were purchased from the American Tissue Culture Collection (Manassas, VA, USA) and transfected by the standard calcium phosphate precipitation method (293T), Lipofectamine 2000 (COS-7; Invitrogen, Carlsbad, CA, USA), or a Nucleofactor kit (Jurkats and PBMC; Gaithersburg, MD, USA). Annealed oligonucleotide duplex control and Sam68 siRNAs were purchased from Dharmacon (Lafayette, CO, USA) and transfected as described previously (Cheng and Sharp, 2006) . Wherever appropriate, pcDNA3 was included to equalize the amount of plasmid DNA, while pCMVb-gal was included to normalize the transfection variations. Anti-JR-CSF Nef (1:750; donated by Dr. K. Krohn and Dr. V. Ovod), anti-Tat (1:500; donated by Dr. J. Karn), and anti-Rev antibodies (1:500; donated by Dr. A. Szilvay) were obtained from the NIH AIDS Research and Reference Reagent Program. Anti-HA (1:1000), anti-b-actin (1:3500), goat polyclonal anti-eIF3h (N20; 1:75), and anti-Sam68 (1:1000) were from Santa Cruz Biotechology (Santa Cruz, CA, USA). Anti-GFP (1:250) was from Clontech (Mountain View, CA, USA).
Immunofluorescence Staining and Imaging Cells were fixed in 4% paraformaldehyde at room temperature (RT) for 25 min and then permeabilized in 0.3% Triton X-100 for 5 min. The cells were then blocked in 1% fetal bovine serum at 37 C for 15 min, followed by incubation with mouse monoclonal anti-HA (1:50; Santa Cruz Biotechnology), goat polyclonal anti-TIA-1 (1:100; Santa Cruz Biotechnology), or goat polyclonal anti-eIF3h at 37 C for 16 hr. Then, the cells were incubated with phycoerythrin (PE) -conjugated rabbit anti-mouse IgG (1:50; Santa Cruz Biotechnology) or PE-conjugated donkey anti-goat at RT for 1 hr. To stain the nuclei, the cells were incubated in 100 ng/ml 4 0 ,6 0 -diamidino-2-phenylindole (DAPI) at 37 C for 25 min. Fluorescence images were captured using a digital video imaging microscope system consisting of an Axiovert 200 M microscope with a 1003 1.4 UVF objective and three different excitation/emission filters (D360/ 40-D460/50, D470/40-D535/40, D546/10-D590) and an Axiovision video camera (Carl Zeiss, Thornwood, NY, USA). For quantification, cells were plated in triplicate wells, and 100 cells of each well were counted for perinuclear granules containing GFP + cells.
Fluorescence In Situ Hybridization
Nef-Cy3 oligonucleotide probe 5 0 -TGG GAG CAG TAT CTC GAG ACC TAG A-3 0 (nt 8875-8900 of NL4-3) was synthesized, fluorescently labeled, and PAGE purified (Operon Biotechnologies, Huntsville, AL, USA). Fluorescence in situ hybridization was performed in 293T cells 42 hr posttransfection. Briefly, transfected cells were fixed with 4% paraformaldehyde at RT for 30 min and then permeabilized with 70% ethanol at 4 C for 24 hr. Then, the cells were rehydrated in 23 SCC (300 mM NaCl, 30 mM sodium citrate [pH 7.0]) and 50% formamide at RT for 10 min and hybridized with 100 ng Nef-Cy3 probe at 37 C overnight in a volume of 40 ml containing 40 mg of Escherichia coli tRNA, 10% dextran sulfate, 50% formamide, 23 SCC, and 20 U RNasin. The Nef-Cy3 probe was denatured at 80 C for 75 s before it was added to the cells. After sequential washes with 0.53 SCC and 0.13 SCC, each for 7 min at RT, fluorescent images were captured as above.
Data Analysis
All values are expressed as mean ± SEM. Comparisons among groups were made using a two-tailed Student's t test. A p value of <0.05 was considered statistically significant (*), and p < 0.01 highly significant (**).
SUPPLEMENTAL DATA
The Supplemental Data include eight figures and Supplemental Experimental Procedures and can be found with this article online at http://www.cell.com/ molecular-cell/supplemental/S1097-2765(08)00862-9.
